All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Winter wheat (*Triticum aestivum* L.) followed by processing tomato (*Solanum lycopersicum* L.) is a common vegetable crop rotation in Ontario, Canada, and Midwest USA. Residue management of winter wheat is important as it may influence the microbial processes, N availability, and C dynamics in the following season crop. Winter wheat straw has a high C:N (80:1), thus, leaving winter wheat straw in the field may cause N immobilization with a potential for crop N deficiency. Moreover, soils with crop residue left on the surface are colder and wetter which results in a delayed spring planting. Therefore, to avoid this, growers tend to remove winter wheat straw from the field after grain harvest. Crop residue, however, is a source of C and N for soil macro and micro fauna. Crop residue removal (-R) may have some negative implications on long-term soil productivity and quality \[[@pone.0235665.ref001],[@pone.0235665.ref002]\] by reducing soil organic C (OC) and total N levels \[[@pone.0235665.ref003],[@pone.0235665.ref004]\], reducing soil microbial activity \[[@pone.0235665.ref005]\], and increasing wind and water erosion leading to loss of nutrients \[[@pone.0235665.ref002]\]. However, inclusion of cover crops (CC) after crop residue removal may be an effective management strategy to offset the expected reductions in soil C inputs and soil quality \[[@pone.0235665.ref002]\].

Several benefits to agroecosystems have been observed with adoption of CC in crop rotations \[[@pone.0235665.ref006]--[@pone.0235665.ref009]\]. Improvements in soil physical \[[@pone.0235665.ref010]--[@pone.0235665.ref012]\], biological \[[@pone.0235665.ref002]\], and chemical \[[@pone.0235665.ref013],[@pone.0235665.ref014]\] soil quality indicators are observed with CCs, which are highly dependent on the quantity and quality of CC biomass input to the soil \[[@pone.0235665.ref015]\]. Cover crops also maintain soil C and N levels by sequestering C and N from atmosphere and mitigating C and N losses \[[@pone.0235665.ref016]\]; thus, might increase N availability to the subsequent crop \[[@pone.0235665.ref016]\]. However, timing of N release from the CC residues is a critical factor, which is dependent on the CC C:N, lignin and cellulose concentrations of CC \[[@pone.0235665.ref017],[@pone.0235665.ref018]\], and timing of CC termination and residue incorporation \[[@pone.0235665.ref019]\]. Additionally, soil moisture and temperature play an important role in influencing the soil processes involved in residue decomposition and nutrient cycling; thus, CC and crop residue effects on soil C and N dynamics is dependent on agroecosystem management and environmental factors.

Soil OC and total N change slowly over the long-term and are considered as the indicators of stable fraction of soil C and N, whereas SLAN (Solvita labile amino N), Solvita CO~2~-burst, microbial biomass C and N (MBC and MBN), water extractable organic C and N (WEOC and WEON), wet aggregate stability (WAS), total inorganic N, and cumulative 2d C mineralization (Cmin~2d~), are known to vary over short (seasonal) term, and thus, are the indicators of labile fraction of C and N. Seasonal variability (across the growing season) in labile fractions of C and N \[[@pone.0235665.ref020]--[@pone.0235665.ref024]\] is primarily dependent on the quantity of crop residue produced, rhizodeposition during crop growth, and soil temperature and precipitation, which influence the soil microbial activity and residue decomposition \[[@pone.0235665.ref025]\]. Microbial activity is a key factor affecting the cycling of labile pools of C \[[@pone.0235665.ref026]\] and N. For instance, MBC and MBN respond quickly to the addition/incorporation of crop residue in the soil. Moebius et al. \[[@pone.0235665.ref021]\] reported significant temporal variation in soil physical indicators, such as WAS, over a crop growing season in a tillage system. Similarly, soil respiration, water extractable fractions are very sensitive and responsive to land management practices \[[@pone.0235665.ref027],[@pone.0235665.ref028]\]. Therefore, soil indicators of labile fractions of C and N are very useful for detecting the initial changes in the status of soil organic matter which affects the nutrient turnover \[[@pone.0235665.ref029]\]. Moreover, evaluation of short-term changes in the soil C and N fractions, especially after CCs, provides valuable information on microbial biomass dynamics, substrate availability, timing of N mineralization, and the net balance between N mineralization and immobilization. A better understanding of the seasonal dynamics of soil C and N will advance our knowledge for improving agricultural management practices focusing on enhancing agricultural sustainability, soil quality, and climate change mitigation. Thus, assessments of seasonal variability in labile fractions of soil C and N are needed.

The inclusion of CCs in crop rotations may provide greater rotational and temporal diversity in the production systems \[[@pone.0235665.ref030]\]; thus, resulting in an increase in microbial activity \[[@pone.0235665.ref031]\] cycling of C and N, and decomposition of biomass and C assimilation \[[@pone.0235665.ref032]\]. Furthermore, the temporal variety in the plant inputs (observed with CC in the crop rotations) and residue quantity and quality have a strong influence on soil functions and processes, which may have implications on increasing crop yields \[[@pone.0235665.ref030]\]. Adoption of CCs also result in an increase in the soil OC which plays an important role in enhancing the soil functionality, processes, and sustainability.

To date, there is a limited knowledge on the potential interactive effects of CCs and crop residue removal on soil C and N dynamics. Additionally, CC and residue removal impacts on soil C and N accumulation are expected to be observed in the medium- to long-term as opposed to the short-term (see reviews by \[[@pone.0235665.ref002],[@pone.0235665.ref003],[@pone.0235665.ref011]\]). Therefore, the medium-term CC experiment used in this study was ideally suited for evaluating the CC- and crop residue-induced effects on C and N dynamics. The main objective of the study was to assess the mechanism of C and N accumulation with CCs and crop residue management (removed (-R) and retained (+R)). We hypothesize that a potential synergistic effect of enhancing crop diversity by including CCs and maintaining crop residues will be observed on soil C and N sequestration. The study is expected to advance our understanding of the integrative effect of CCs and crop residue removal on soil processes involved in C and N cycling.

Materials and methods {#sec002}
=====================

Site description and experimental design {#sec003}
----------------------------------------

The medium-term CC experiment, established in 2007 and repeated an adjacent site in 2008 at Ridgetown, Ontario, Canada, was used for studying soil C and N dynamics. Site-year was used to clearly indicate that soil and crop sampling was conducted from different sites in different years. Soil characteristics are described in [Table 1](#pone.0235665.t001){ref-type="table"}. Since the initiation of the CC experiment in 2007 and 2008, crop rotation consisted of grain and processing vegetable crops, typical of southwestern Ontario ([Table 2](#pone.0235665.t002){ref-type="table"}). As described previously \[[@pone.0235665.ref006],[@pone.0235665.ref033]--[@pone.0235665.ref036]\], experimental design consisted of a split-plot arranged as a randomized complete block with four replicates. Summer-planted (July, August, September) annual CC treatments were grown in the main plots since 2007 and 2008. In addition to a no-CC, four CC treatments were evaluated which were oat (*Avena sativa* L.), oilseed radish (OSR) (*Raphanus sativus* L. var. *oleoferus* Metzg. Stokes), winter cereal rye (rye, *Secale cereale* L.), and a mixture of OSR+Rye. Cover crops were not planted after grain corn harvest in late October/early November due to the cold temperatures; after soybean harvest, winter wheat was planted instead of CCs. Crop residue management was applied in the split-plots three times since the experiment started at both sites (in 2009 and 2010 after spring wheat harvest, 2011 and 2012 after grain corn harvest, and 2014 and 2015 after winter wheat harvest) in the production system. Thus, from 2007 to 2015 and 2008 to 2016, CCs were planted six times in the crop rotation ([Table 2](#pone.0235665.t002){ref-type="table"}). Cover crop attributes (biomass, C and N concentration) were quantified three times (late October/early November, April, and May) in 2014--15 and 2015--16.

10.1371/journal.pone.0235665.t001

###### Select soil[^z^](#t001fn001){ref-type="table-fn"} properties from 0--15 cm depth at Ridgetown, Ontario, Canada during 2015 and 2016.

![](pone.0235665.t001){#pone.0235665.t001g}

  Property[^y^](#t001fn002){ref-type="table-fn"}   Site-year 2015                      Site-year 2016
  ------------------------------------------------ ----------------------------------- ----------------
  Soil texture                                     Sandy loam (Orthic humic gleysol)   
  Particle size distribution                                                           
  Sand (%)                                         76.7±0.26                           76.3±0.31
  Silt (%)                                         16.9±0.24                           18.5±0.29
  Clay (%)                                         6.34±0.14                           5.07±0.20
  pH                                               6.12±0.05                           7.06±0.04
  Phosphorus (mg kg^-1^)                           5.60±0.17                           21.4±1.55
  Potassium (mg kg^-1^)                            136±3.93                            147±5.87

^z^ Means of a composite sample (sixty soil cores of 3.5 cm diameter) taken from each cover crop and crop residue treatment plot (n = 40) at tomato harvest in September 2015 and 2016.

^y^Methods included particle size via hydrometer, pH was 1:1 (soil:water) by volume, P was Olsen bicarbonate extraction and K was ammonium acetate extraction.

10.1371/journal.pone.0235665.t002

###### In a medium-term cover crop experiment, crop rotation and crop residue management from 2007 to 2015 (site-year 2015) and 2008 to 2016 (site-year 2016).

![](pone.0235665.t002){#pone.0235665.t002g}

  Site-year 2015   Site-year 2016   Main crop                     Fall planting
  ---------------- ---------------- ----------------------------- ---------------
  2007             2008             Processing pea                Cover crops
  2008             2009             Processing sweet corn         Cover crops
  2009             2010             Spring wheat                  Cover crops
  2010             2011             Processing tomato             Cover crops
  2011             2012             Grain corn -stover removal    None
  2012             2013             Processing squash             Cover crops
  2013             2014             Soybean                       Winter wheat
  2014             2015             Winter wheat -straw removal   Cover crops
  2015             2016             Processing tomato             Cover crops

All the crop management and field operations have been previously described in Chahal and Van Eerd \[[@pone.0235665.ref034]\]. Two weeks prior to tomato transplanting, P and K fertilizers were applied at the rate of 94.1 kg ha^-1^ (P~2~O~5~) and 123 kg ha^-1^ (K~2~O) \[[@pone.0235665.ref033]\]. Soil was tilled on May 19, 2015 and May 20, 2016 to incorporate CC residues and fertilizers and to prepare for tomato transplanting. At tomato transplanting, a starter N fertilizer (15 kg N ha^-1^) was applied with water \[[@pone.0235665.ref006],[@pone.0235665.ref033]\]. No irrigation was applied to tomato crop.

Soil sampling and analysis {#sec004}
--------------------------

In both site-years, soil was sampled from 0--15 cm depth at seven different times during tomato growing season. Sampling regime was based on tillage; 3 weeks before tillage on April 29, 2015 and April 27, 2016; at tillage on May 19, 2015 and May 20, 2016; and two, four, eight and twelve weeks after tillage (WAT) on June 5, June 16, June 29, July 29 in both site-years; and at tomato harvest on September 11, 2015 and September 6, 2016. A composite sample of random 20 soil cores of 3.5 cm diameter was taken from each split-plot and soil samples were homogenized by hand in the field.

Sample handling and sieving for OC \[[@pone.0235665.ref037]\], total N \[[@pone.0235665.ref038]\], Cmin~2d~ \[[@pone.0235665.ref039]\], MBC and MBN \[[@pone.0235665.ref040]\] was similar; soil was sieved through 4 mm mesh screen and protocols described in Carter and Gregorich \[[@pone.0235665.ref041]\] were followed. Until processing, soil samples for OC, total N, Cmin~2d~, and total inorganic N (TIN) were stored in a cooler (4°C); MBC and MBN were stored in the freezer (-20°C). A sub-sample of soil (5 g for OC and total N, and 80 g for Cmin~2d~) was oven-dried at 50°C for 24 hours. A ground (mortar and pestle) sub-sample of oven-dried soil (0.15 g) was used for quantifying OC and total N on LECO CN analyzer (Leco Corporation, St. Joseph, MI). For evaluating Cmin~2d~, substrate-induced respiration was conducted with an addition of glucose (1.6 mg C g^-1^ dry soil) using an alkali trap method with 60 g dry soil \[[@pone.0235665.ref035],[@pone.0235665.ref042]\]. Soil organic C and Cmin~2d~ were expressed as mg C g^-1^ dry soil; total N and TIN were expressed as mg N g^-1^ dry soil. Microbial biomass C and N were measured by using chloroform-extraction method as described by Carter and Gregorich \[[@pone.0235665.ref041]\] and Vance et al. \[[@pone.0235665.ref043]\]. Fifteen grams of moist soil sub-sample was fumigated, in a sealed glass desiccator kept under vacuum for 24 hrs in the dark in a fume hood, using 50 mL of ethanol-free chloroform which was placed in a beaker along with boiling chips; whereas another 15 g soil was non-fumigated. Both fumigated and non-fumigated soil samples were extracted using 30 mL of 0.5 M K~2~SO~4~ solution, and filtrates were analyzed for C and N via dry combustion on a LECO CN analyzer (Leco Corporation, St. Joseph, MI). Microbial biomass C and MBN were quantified as the difference of fumigated and non-fumigated samples and were expressed as μg C g^-1^ and μg N g^-1^, respectively. The k~EC~ and k~EN~ coefficients used for MBC and MBN were 0.45 and 0.18, respectively \[[@pone.0235665.ref041],[@pone.0235665.ref044]\]. Wet aggregate stability was measured by using 4 g un-sieved air-dried soil in an apparatus (Eijelkamp Agrisearch Equipment 08.13, Giesbeek, The Netherlands) similar to Kemper and Rosenau \[[@pone.0235665.ref045]\] and described in detail by Van Eerd et al. 2018 \[[@pone.0235665.ref046]\].

For Solvita CO~2~-burst, water extractable organic C (WEOC), water extractable organic N (WEON), and Solvita labile amino N (SLAN), soil was sieved through 2 mm mesh screen and 60 g soil sub-sample was oven-dried at 40°C for 24 hrs \[[@pone.0235665.ref033],[@pone.0235665.ref047]--[@pone.0235665.ref050]\]. Briefly, 4 g of oven-dried soil was used for quantifying SLAN, WEOC, and WEON; Solvita CO~2~-burst was measured using 40 g dry soil (see Chahal and Van Eerd \[[@pone.0235665.ref033]\] for details). For quantifying WEOC and WEON, 4 g oven-dried soil was extracted with 40 mL distilled water by mechanically shaking on an orbital shaker for 10 mins, followed by filtration and analyzing the extracts for inorganic N (on an auto analyzer SEAL Analytics) and total and inorganic C (on LECO CN analyzer) \[[@pone.0235665.ref033]\]. Soil with the gel paddles was incubated for 24 hrs in a sealed glass beaker to evaluate Solvita CO~2~-burst and SLAN. After 24 hr incubation, gel paddles changed the colour due to evolved CO~2~ (Solvita) and NH~3~ (SLAN); colour intensity measurements were taken using a digital colorimeter reader \[[@pone.0235665.ref033]\]. Concentrations of SLAN, WEON, WEOC, and Solvita CO~2~-burst were expressed on dry weight basis as mg NH~3~-N kg^-1^, mg N kg^-1^, mg C kg^-1^, and mg CO~2~-C kg^-1^.

Data analysis {#sec005}
-------------

All fractions of C and N were expressed on a soil dry weight concentration basis. Soil OC and total N represented the stable fractions of soil C and N, whereas all other evaluated parameters indicated the labile pools of C and N. Both site-years were evaluated separately as initial statistical analysis detected an interaction between site-year and treatments. In each site-year, fixed effects of CC, crop residue management, and sampling time, and their interactions on soil attributes were assessed using repeated measures analysis with PROC GLIMMIX in SAS (SAS Institute, version 9.4 Cary, NC, USA). Replication, and replication by CC were the random effects \[[@pone.0235665.ref051]\]. To account for the repeated measure analysis, a random statement of replication by sampling time was included. Analysis of residuals and normality test (Shapiro-Wilk) was conducted to confirm the assumptions of ANOVA \[[@pone.0235665.ref052]\]. Based on the output of studentized conditional residuals, no outliers were detected. All assumptions of ANOVA were met, therefore, no adjustments to covariance structure and data transformations were conducted. A protected LSD test was used to compare treatment means at α = 0.05. Additionally, radar charts were prepared for both crop residue treatments at tomato harvest in each site-year; where data were expressed as a ratio of the average indicator value for each CC treatment and the maximum value of the respective attribute, to facilitate the visual interpretation of the impact of management on soil parameters. As mentioned previously, microbial activity is a critical function governing soil organic matter formation \[[@pone.0235665.ref030]\]; therefore, Pearson correlations of OC-related processes (MBC, MBN, and WAS) with labile fractions (Cmin~2d~, WEOC, WEON, TIN, Solvita CO~2~-burst and SLAN) stable fractions (OC, total N) were assessed.

Tomato growing season {#sec006}
---------------------

Air temperature and precipitation during the tomato growing season in site-years 2015 and 2016 were collected by an Environment Canada weather station located \< 1 km from the experiment ([Fig 1](#pone.0235665.g001){ref-type="fig"}). Spring 2016 (April and May) was drier than spring 2015 by 69 mm ([Fig 1](#pone.0235665.g001){ref-type="fig"}) and 30-yr mean by 52.8%, whereas spring 2015 had a relatively similar total precipitation (74.7 mm) as 30-yr mean (76 mm). Average monthly air temperature during most of the tomato growing season from June to August was comparable in both site-years (mean 24.7°C in site-year 2015; mean 25.8°C in site-year 2016) but warmer than 30-yr mean (21.4°C). In contrast to air temperature, total monthly precipitation from June to August in sampling years was lower than 30-yr mean by 20.3 and 19.3 mm, respectively. However, total precipitation during tomato growing season in both years was equivalent (65.7 mm in 2015 and 65.5 mm in 2016; [Fig 1](#pone.0235665.g001){ref-type="fig"}). Regarding the temporal distribution of precipitation relative to soil sampling, June and July had the greatest total precipitation in site-year 2015, while early July was greatest in site-year 2016 ([Fig 1](#pone.0235665.g001){ref-type="fig"}). Despite differences in weather between years, in both site-years there were no effects of CC and crop residue management treatment on soil gravimetric moisture content ([S1 Table](#pone.0235665.s001){ref-type="supplementary-material"}). In site-year 2015, soil moisture content in April was greater than June, July, and September. No seasonal variability in soil gravimetric moisture content was detected in site-year 2016.

![Daily total precipitation (mm) and mean air temperature (°C) during the tomato growing season in 2015 and 2016 at Ridgetown, Ontario, Canada.\
Dash lines with arrows represent the soil sampling dates in site-year 2015 and 2016.](pone.0235665.g001){#pone.0235665.g001}

Results {#sec007}
=======

Cover crop attributes {#sec008}
---------------------

In fall of both site-years, OSR had the greatest CC biomass, C and N content (avg. 4850 kg ha^-1^, 1780 kg C ha^-1^, 159 kg N ha^-1^, respectively) whereas cereal rye had the lowest (1960 kg ha^-1^, 824 kg C ha^-1^, and 64 kg N ha^-1^, respectively; [Fig 2](#pone.0235665.g002){ref-type="fig"}). Over 6-yrs from fall 2007 to fall 2014, average annual CC biomass across all CC treatments was 3220±115 kg ha^-1^, C was 1280±46.2 kg C ha^-1^, and N was 78±3.47 kg N ha^-1^ ([Fig 2](#pone.0235665.g002){ref-type="fig"}). Similarly, from fall 2008 to fall 2015, average annual CC biomass across all CC treatments was 3520±116 kg ha^-1^, C was 1290±50.7 kg C ha^-1^, and N was 97.7±4.15 kg N ha^-1^ ([Fig 2](#pone.0235665.g002){ref-type="fig"}). Cover crop C concentration was not different among CC treatments in both springs (2015 and 2016, [S2 Table](#pone.0235665.s002){ref-type="supplementary-material"}). In spring 2015, C:N of CC was 18.4--32.3 with the trend of OSR≥OSR+Rye = rye≥oat ([S2 Table](#pone.0235665.s002){ref-type="supplementary-material"}). In contrast, C:N of CC in spring (avg. 19.2±1.54) in site-year 2016 was not different among CC treatments ([S2 Table](#pone.0235665.s002){ref-type="supplementary-material"}).

![In a medium-term cover crop (CC) experiment, annual above-ground CC biomass, C and N inputs in fall 2014, fall 2015, and average over a period of 6-yrs from various CC treatments.\
For each parameter in each year, bars followed by a different letter indicate statistical significance per protected LSD test (*P*\<0.05; n = 8).](pone.0235665.g002){#pone.0235665.g002}

Soil attributes {#sec009}
---------------

In both site-years, concentration of total N did not change over the tomato growing season (Tables [3](#pone.0235665.t003){ref-type="table"} and [4](#pone.0235665.t004){ref-type="table"}). However, a significant CC by time interaction for OC was detected in both site-years (Tables [3](#pone.0235665.t003){ref-type="table"} and [4](#pone.0235665.t004){ref-type="table"}) which was attributed to the lowest OC concentration in no-CC plots at tomato harvest. In both site-years, CC treatment differences, but no two-way interaction of CC by time, were detected on total N concentration with no-CC being the lowest ([S3](#pone.0235665.s003){ref-type="supplementary-material"} and [S4](#pone.0235665.s004){ref-type="supplementary-material"} Tables). In addition to medium-term CC effects on OC and total N, the +R treatment had greater OC concentration than -R in site-year 2015 (*P* \< 0.0001) but no effect in site-year 2016 (*P* = 0.9888).

10.1371/journal.pone.0235665.t003

###### Probability values for the main effects of medium-term summer-planted cover crop (6-yrs), crop residue management, sampling time, and interactions on soil stable and labile fractions of C and N sampled from 0--15 cm depth in site-year 2015.

![](pone.0235665.t003){#pone.0235665.t003g}

                                          Cover crop (CC)                                                                                                                                                                                 Crop residue (R)   Time (T)       CC x R         CC x T         R x T          CC x R x T
  ------------------- ------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------ -------------- -------------- -------------- -------------- ------------
  Fraction            Unit                \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--Pr \> F\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                  
  OC                  mg C g^-1^          **\<0.0001**                                                                                                                                                                                    0.0538             0.1969         0.1708         **\<0.0001**   **\<0.0001**   0.0903
  Total N             mg N g^-1^          **\<0.0001**                                                                                                                                                                                    **\<0.0001**       0.1337         0.0782         0.2797         0.4344         0.8157
  WAS                 \%                  **\<0.0001**                                                                                                                                                                                    **\<0.0001**       **\<0.0001**   **\<0.0001**   **\<0.0001**   0.3619         **0.0126**
  Cmin~2d~            mg C g^-1^          **\<0.0001**                                                                                                                                                                                    **\<0.0001**       **\<0.0001**   0.5802         **\<0.0001**   **0.0002**     0.9904
  Solvita             mg CO~2~-C kg^-1^   **0.0138**                                                                                                                                                                                      **0.0011**         **\<0.0001**   0.6759         **\<0.0001**   0.7229         0.9986
  SLAN                mg NH~3~-N kg^-1^   **\<0.0001**                                                                                                                                                                                    0.7781             **\<0.0001**   **0.0038**     **\<0.0001**   **\<0.0001**   **0.0460**
  WEOC                mg C kg^-1^         **\<0.0001**                                                                                                                                                                                    **0.0027**         0.6753         **\<0.0001**   **0.0037**     0.0720         **0.0015**
  WEON                mg N kg^-1^         0.1496                                                                                                                                                                                          0.0587             0.1765         0.0511         **0.0189**     0.1469         0.1316
  Total inorganic N   mg N g^-1^          **\<0.0001**                                                                                                                                                                                    **0.0048**         0.2873         **\<0.0001**   **0.0059**     0.2318         **0.0027**
  MBC                 μg C g^-1^          **\<0.0001**                                                                                                                                                                                    0.7000             **\<0.0001**   0.7589         **0.0159**     0.7386         0.9591
  MBN                 μg N g^-1^          **\<0.0001**                                                                                                                                                                                    0.7830             **\<0.0001**   0.9213         **0.0302**     0.7369         0.9205

Bold font indicates statistical significance at *P*\<0.05.

Cmin~2d~, cumulative 2d soil carbon mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, soil organic C; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N.

10.1371/journal.pone.0235665.t004

###### Probability values for the main effects of medium-term summer-planted cover crop (6-yrs), crop residue management, sampling time, and interactions on soil stable and labile fractions of C and N sampled from 0--15 cm depth in site-year 2016.

![](pone.0235665.t004){#pone.0235665.t004g}

                                          Cover crop (CC)                                                                                                                                                                                                     Crop residue (R)   Time (T)       CC x R         CC x T         R x T          CC x R x T
  ------------------- ------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------ -------------- -------------- -------------- -------------- --------------
  Fraction            Unit                \-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--Pr \> F\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--                                                                                  
  OC                  mg C g^-1^          **0.0003**                                                                                                                                                                                                          0.8278             0.1055         0.4242         **\<0.0001**   0.9888         0.7518
  Total N             mg N g^-1^          **\<0.0001**                                                                                                                                                                                                        0.7065             0.0536         0.5112         0.4459         0.4296         0.4355
  WAS                 \%                  **0.0122**                                                                                                                                                                                                          **\<0.0001**       **0.0002**     0.7240         **\<0.0001**   0.6911         0.9501
  Cmin~2d~            mg C g^-1^          0.6454                                                                                                                                                                                                              0.2510             **\<0.0001**   0.0581         0.1546         0.8764         0.9965
  Solvita             mg CO~2~-C kg^-1^   **\<0.0001**                                                                                                                                                                                                        0.6009             **\<0.0001**   0.7403         **\<0.0001**   0.0985         0.8098
  SLAN                mg NH~3~-N kg^-1^   **\<0.0001**                                                                                                                                                                                                        0.5351             **\<0.0001**   **\<0.0001**   **\<0.0001**   **0.0119**     **\<0.0001**
  WEOC                mg C kg^-1^         **\<0.0001**                                                                                                                                                                                                        **\<0.0001**       **\<0.0001**   **\<0.0001**   **0.0009**     0.2326         0.4115
  WEON                mg N kg^-1^         0.0708                                                                                                                                                                                                              0.2796             **\<0.0001**   0.1069         0.7595         0.4980         0.3860
  Total inorganic N   mg N g^-1^          **0.0001**                                                                                                                                                                                                          **\<0.0001**       **\<0.0001**   **\<0.0001**   **0.0254**     **\<0.0001**   0.8429
  MBC                 μg C g^-1^          **\<0.0001**                                                                                                                                                                                                        0.8096             0.1674         0.5194         **0.0254**     0.6503         0.6044
  MBN                 μg N g^-1^          **\<0.0001**                                                                                                                                                                                                        0.2688             0.0892         0.1489         0.2379         0.5648         0.1883

Bold font indicates statistical significance at *P*\<0.05.

Cmin~2d~, cumulative 2d soil carbon mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, soil organic C; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N.

In contrast to stable fractions, labile C and N fractions varied temporally with CC and crop residue management. Seasonal variability with CCs was detected in all labile fractions in site-year 2015 ([Table 3](#pone.0235665.t003){ref-type="table"}), but in site-year 2016, 6 out of 9 fractions changed temporally with CCs ([Table 3](#pone.0235665.t003){ref-type="table"}). Moreover, compared with the CCs, interaction between crop residue management and time was detected in only two labile fractions (SLAN and Cmin~2d~ in site-year 2015, SLAN and total inorganic N in site-year 2016; Tables [3](#pone.0235665.t003){ref-type="table"} and [4](#pone.0235665.t004){ref-type="table"}). Across tomato growing season, no-CC had the lowest Cmin~2d~, MBC, and MBN concentrations in site-year 2015 ([Fig 3](#pone.0235665.g003){ref-type="fig"}), and the lowest MBC and Solvita CO~2~-burst concentration in site-year 2016 ([Fig 4](#pone.0235665.g004){ref-type="fig"}). The CC by time interaction in site-year 2015 for Solvita CO~2~-burst, MBC, MBN, and Cmin~2d~ was due to lowest concentrations in no-CC (oat intermediate for Solvita, Cmin~2d~) in April but these differences were minimized at other time points ([Fig 3](#pone.0235665.g003){ref-type="fig"}). A sharp decrease was observed in the no-CC treatment only for MBC concentration from April to 2WAT followed by a levelling in the values until tomato harvest in site-year 2016 ([Fig 4](#pone.0235665.g004){ref-type="fig"}). For WAS, greater CC treatment differences were detected at April in site-year 2016 ([Fig 4](#pone.0235665.g004){ref-type="fig"}). As expected, WEON was highly variable in its temporal response to CCs and hence, no clear trend was detected in CC treatments across different sampling times ([Fig 3](#pone.0235665.g003){ref-type="fig"}). Larger pools of labile C and N with CC than no-CC across the season confirm the positive influences of CC on C and N dynamics in our medium-term experiment.

![In site-year 2015, effect of medium-term summer-planted cover crop (6-yrs) on soil labile fractions of C and N from 0--15 cm depth over the tomato growing season.\
Bars represent standard error of means (n = 8). Cmin~2d~, cumulative 2d soil C mineralization; MBC, microbial biomass C; MBN, microbial biomass N; WEON, water extractable organic N.](pone.0235665.g003){#pone.0235665.g003}

![Over the tomato growing season, effect of medium-term summer-planted cover crop (6-yrs) on soil labile fractions of C from 0--15 cm depth in site-year 2016.\
Bars represent standard error of means (n = 8). MBC, microbial biomass C; WAS, wet aggregate stability; WEOC, water extractable organic C.](pone.0235665.g004){#pone.0235665.g004}

Retaining crop residues in the field resulted in greater concentrations of WAS, Cmin~2d~, Solvita CO~2~-burst, and total N in site-year 2015, and WAS, total inorganic N, and WEOC in site-year 2016 than removing residues ([S3](#pone.0235665.s003){ref-type="supplementary-material"} and [S4](#pone.0235665.s004){ref-type="supplementary-material"} Tables). Over the season, +R had greater concentrations of labile fractions (Cmin~2d~ in site-year 2015 and total inorganic N in 2016) than -R. For Cmin~2d~, interaction between crop residue treatments and time was due to greater values in +R than -R at all sampling times, except tomato harvest. In contrast, total inorganic N concentration in April was not different between +R and -R, while +R had greater concentration than -R across all other sampling times; thus, leading to an interaction between sampling time and crop residue treatments (data not shown). Therefore, these results of larger C and N pools of both labile and stable fractions with +R than -R further indicates the potential of +R in increasing soil fertility, functionality, and C and N cycling.

In addition to the two-way interactions described above, three-way interactions between CC, crop residue treatment, and sampling time (Tables [3](#pone.0235665.t003){ref-type="table"} and [4](#pone.0235665.t004){ref-type="table"}) were detected on SLAN in both site-years, and WAS, WEOC, and TIN in site-year 2015 ([Fig 5](#pone.0235665.g005){ref-type="fig"}). In both site-years, no-CC+R and no-CC-R had the greatest SLAN concentration at all time points ([Fig 5](#pone.0235665.g005){ref-type="fig"}). In site-year 2015 only, the least differences in SLAN concentrations among treatments were observed at harvest ([Fig 5](#pone.0235665.g005){ref-type="fig"}). Least treatment differences for WEOC and total inorganic N were detected in mid-June to July ([Fig 5](#pone.0235665.g005){ref-type="fig"}). As expected, WEOC and total inorganic N were highly variable temporally; no clear trend was detected in CC and crop removal treatments, however, cereal rye had the least concentration over the season ([Fig 5](#pone.0235665.g005){ref-type="fig"}). Therefore, these results of variable response of soil attributes due to CC and crop residue treatments over the growing season confirms the dynamic nature of soil C and N fractions.

![In site-year 2015 (A-D) and site-year 2016 (E), effect of medium-term summer-planted cover crop (6-yrs) and crop residue retained (+R) or removed (-R) on soil labile and stable fractions of C and N from 0--15 cm depth over the tomato growing season. Bars represent standard error of means (n = 4). SLAN, Solvita labile amino N; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N.](pone.0235665.g005){#pone.0235665.g005}

To facilitate comparison of CC and crop residue management on soil C and N fractions, radar charts were prepared for each site-year at tomato harvest (i.e., early September, [Fig 6](#pone.0235665.g006){ref-type="fig"}). In both site-years, even at one time-point (at tomato harvest representing cumulative effect of CC and crop residue treatments), differences in stable and labile fractions of C and N were detected with CC and crop residue treatments. Overall, in both site-years, the -R treatment had fewer differences among CC treatments than +R. No cover crop control had the lowest values of MBC, MBN, total N, OC, WAS, and Cmin~2d~ in both crop residue treatments in site-year 2015 ([Fig 6](#pone.0235665.g006){ref-type="fig"}). In addition to aforementioned fractions, no-CC was lowest for Solvita CO~2~-burst in +R and -R in site-year 2016 ([Fig 6](#pone.0235665.g006){ref-type="fig"}). Overall between both site-years and crop residue treatments, cereal rye had the greatest values of Cmin~2d~, MBC, MBN, OC, total N, and Solvita CO~2~-burst. These CC effects (i.e, no-CC lowest MBC, MBN, total N, and OC but greatest SLAN) and crop residue effects on soil attributes at tomato harvest were consistent with treatment effects observed temporally over the crop growing season.

![Effect of medium-term summer-planted cover crop (6-yrs) and crop residue retained (+R) (A,C) or removed (-R) (B,D) on soil labile and stable indicators of C and N at tomato harvest in site-year 2015 (A,B) and 2016 (C,D). Values in parenthesis represent mean (n = 4) maximum concentrations expressed as mg g^-1^ for Cmin~2d~, OC, TIN, and TN; mg kg^-1^ for WEOC, WEON, Solvita, and SLAN; μg g^-1^ for MBC and MBN; % for WAS (Cmin~2d~, cumulative 2d soil C mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, organic C; TIN, total inorganic N; TN, total N; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N).](pone.0235665.g006){#pone.0235665.g006}

Across all the sampling times in site-year 2015 and 2016, correlation analysis was conducted between soil C and N fractions ([S5](#pone.0235665.s005){ref-type="supplementary-material"} and [S6](#pone.0235665.s006){ref-type="supplementary-material"} Tables). In site-year 2015, MBC correlated negatively with Solvita CO~2~-burst (*P* \< 0.0001, r = -0.37), SLAN (*P* \<0.001, r = -0.34), total inorganic N (*P* = 0.0004; r = -0.21), and WEOC (*P* = 0.0027; r = -0.17) and positively with Cmin~2d~ (*P* \< 0.0001; r = 0.31). Similarly, in site-year 2015, MBN correlated negatively with Solvita CO~2~-burst (*P* \< 0.0001, r = -0.32), SLAN (*P* \<0.001, r = -0.35), total inorganic N (*P* = 0.0016; r = -0.18), and WEOC (*P* = 0.0092; r = -0.15) and positively with Cmin~2d~ (*P* \< 0.0001; r = 0.32).

Contrary to site-year 2015, in site-year 2016 there were fewer significant correlations ([S6 Table](#pone.0235665.s006){ref-type="supplementary-material"}). The only significant positive correlations were between WAS and Cmin~2d~ (*P* = 0.0189, r = 0.14), MBC and Solvita CO~2~-burst (*P* \< 0.0001, r = 0.57), MBN and Cmin~2d~ (*P* = 0.0208, r = 0.13), and MBN and Solvita CO~2~-burst (*P* \< 0.0001, r = 0.41). Moreover, correlations between OC-related processes (MBC, MBN, and WAS) and stable fractions (OC, total N) were assessed for both site-years ([S5](#pone.0235665.s005){ref-type="supplementary-material"} and [S6](#pone.0235665.s006){ref-type="supplementary-material"} Tables). Organic C correlated positively with WAS (*P* \< 0.0001, r = 0.24) in site-year 2015 but not in site-year 2016, whereas MBC (*P* ≤ 0.0029, r = 0.17 to 0.57) and MBN (*P* ≤ 0.0028, r = 0.17 to 0.41) correlated positively with total N in both site-years ([S5](#pone.0235665.s005){ref-type="supplementary-material"} and [S6](#pone.0235665.s006){ref-type="supplementary-material"} Tables). These correlations (positive or negative) between the short- and long-term indicators of management further confirm the close associations between the labile and stable fractions of C and N and their processes in our medium-term CC experiment.

Discussion {#sec010}
==========

In spring 2015 and 2016, CC C:N ratios were favourable for mineralization for all CCs (18.4 to 24.8) but OSR (32.3) in spring 2015 only. Similar C:N of CC was previously reported in this CC experiment \[[@pone.0235665.ref006],[@pone.0235665.ref035]\] and elsewhere \[[@pone.0235665.ref011]\]. Our results of greatest CC biomass from OSR in fall 2014 and 2015 and OSR+Rye in spring 2015 and 2016 were consistent with the previous studies in the same medium-term CC experiment \[[@pone.0235665.ref006],[@pone.0235665.ref034],[@pone.0235665.ref035]\]. In this medium-term experiment, annual CC biomass production and C and N contents were different at each fall sampling (from fall 2007 to fall 2015 and from fall 2008 to fall 2016). This difference in fall CC biomass (and C and N content) over the study duration was due to timing of main crop harvested (i.e. fresh processing pea in late July and processing tomato in early Sept) and consequently the length of the CC growing season.

Cover crops are known to increase the concentrations of stable fractions of C and N in the long-term \[[@pone.0235665.ref053]\] but this effect is not observed in the short-term \[[@pone.0235665.ref054]\]. Moreover, several studies have demonstrated the strong influence of CC C and N inputs over the medium- and long-term in increasing the stable pools of soil C and N \[[@pone.0235665.ref053],[@pone.0235665.ref055],[@pone.0235665.ref056]\]. In our study, stable fractions of soil C and N (OC and total N) were influenced by CC and crop residue management but did not change temporally. We observed that, across all sampling times, incorporation of CC C and N inputs significantly increased the soil OC and total N concentration compared with the no-CC. A similar effect of CC treatments on soil OC and total N was reported by Zhou et al. \[[@pone.0235665.ref057]\]. Likewise, Sainju et al. \[[@pone.0235665.ref053],[@pone.0235665.ref056]\] observed least total N concentration from no-CC. Lowest concentration of total N and OC in no-CC treatment could be attributed to lesser C and N biomass inputs than CCs in the medium-term. In our medium-term experiment, average annual CC above-ground C inputs were 1280 to 1380 kg C ha^-1^ and CC above-ground N inputs were 78 to 97 kg N ha^-1^, which contributed to a significant increase in soil OC and total N. Our observed greater OC and total N concentration with CCs and crop residue retention indicates the potential of these management practices to increase stable C and N in the medium-term and beyond.

As expected, labile fractions of soil C and N (WAS, WEOC, WEON, MBC, MBN, SLAN, Cmin~2d~, Solvita CO~2~-burst, and total organic N) changed with CC and crop residue treatments over the tomato growing season indicating the dynamic nature. Cover crop residue contributes to the labile soil organic matter, thus, affecting the C and N dynamics \[[@pone.0235665.ref058]\]. Labile pools of soil C and N are crucial for soil biology as they act as a nutrient reservoir for soil microbes \[[@pone.0235665.ref057]\]. Seasonal variation in the labile fractions observed might be attributed to the root exudates released from the tomato roots. As mentioned previously, tillage was conducted in mid May at both sites to incorporate the CC residues in soil and prepare the soil for tomato transplanting. Approximately a week after tillage, tomato seedlings were transplanted. Cover crop residues in addition to the root exudates and rhizodepositions released by the tomato roots undergo decay in soil over time and release labile compounds. Concentration of labile compounds is increased with an increase in plant density, size and development of root system. Therefore, greater concentration of rhizodeposits and labile fractions of C and N at the flowering than the planting stage is expected due to an increase in plant size and density at flowering (early to Mid-July in our production region). Several studies have reported that root C and N inputs are largely responsible for influencing the soil biological activity \[[@pone.0235665.ref059],[@pone.0235665.ref060]\]. As the crop matures, the concentration of rhizo-deposits decreases but fresh crop residues and mature roots are added to the soil which contribute to the microbial substrates, therefore, increasing the labile fractions of C and N at harvest \[[@pone.0235665.ref061]\]. Overall, our observed variation in the labile C and N fractions across the growing season and between years might be attributed to the differences in the quantity of CC biomass produced among the tested CCs and the interactions between soil microbes and plant roots. Lack of a clear distinction among the tested CC species in impacting the soil labile and stable C and N fractions and processes, such as respiration, across the season confirm the dominance of CC biomass (C inputs) in controlling the soil C and N dynamics than the quality (CC C:N) in this medium-term experiment.

Moreover, weather differences (air temperature and precipitation) between sampling years might have resulted in the temporal variation in the labile soil C and N. Similarly, seasonal differences in the labile fractions in response to variable frequency and intensity of precipitation were reported by Hui et al. \[[@pone.0235665.ref062]\]. Site-year 2016 was warmer in spring (April to May) and drier (from April to June) than 2015 ([Fig 1](#pone.0235665.g001){ref-type="fig"}), which likely impacted the microbial activity, residue decomposition, nutrient uptake, availability, and release. Generally, a direct and positive relationship is observed between temperature and microbial activity \[[@pone.0235665.ref063]\], while soil moisture content in the range of 50--70% of water holding capacity is preferred for microbial functions and processes \[[@pone.0235665.ref064]\]. Greater microbial activity results in an increase in the potential of residue decomposition. Our result of high MBC and MBN in early spring, perhaps due to low soil temperature and high soil moisture, was consistent with several studies \[[@pone.0235665.ref022]--[@pone.0235665.ref024]\]. Additionally, June 2015 had higher total precipitation than June 2016, which might have impacted the microbial mediated soil functions and processes between both site-years. Overall, high precipitation in July of both site-years was beneficial for the tomato crop as it matched with the period of greatest water demand by the crop.

Out of all the sampling times evaluated in this study, 2WAT (early June) and harvest (early September) is recommended for sampling soil C and N. In one out of two site-years, 2WAT had greater concentrations of Solvita CO~2~-burst, WEON, Cmin~2d~, and SLAN for all CC treatments than other sampling times, which might be attributed to an increase in the microbial activity and nutrient cycling due to residue incorporation. Tillage increases soil aeration and temperature, breaks soil macro and micro-aggregates; thus, exposes the physically protected soil OC \[[@pone.0235665.ref065]\] and increases the availability of OC to microbes. These processes result in increasing microbial activity and labile C and N parameters \[[@pone.0235665.ref066]\]. In agreement with our results, several studies \[[@pone.0235665.ref067]--[@pone.0235665.ref069]\] have reported that labile fractions of C and N have greater sensitivity to tillage than soil OC and total N; hence, have implications to be used as soil quality indicators. Moreover, early June (2WAT) represented the medium- (CC) and short- (residue incorporation) term effects on the tested indicators of soil quality. Likewise, Sainju et al. \[[@pone.0235665.ref007]\] reported increases in MBC, OC, and total N concentration following residue incorporation in a CC based tomato production system. Additionally, it has been observed that soil sampling for assessing N status should be conducted when the crop is actively growing and has an increased N demand. In our production system, tomato plants start actively growing and increasing in size in June, thereby suggesting an increase in demand and N uptake by tomato roots. Thus, June represents a suitable time for soil sampling to understand N dynamics in our production system. In contrast to June, microbial activity would be expected to be slower in April due to less availability of substrate and cool soil temperature, leading to the observed lower concentrations of WAS, SLAN, Solvita CO~2~-C, total inorganic N, WEOC, and WEON. Hence, April may not be an optimum time for soil C and N sampling. Additionally, compared with other sampling times, greater treatment differences in soil labile fractions, such as WEOC, total inorganic N, Solvita CO~2~-burst, SLAN, WAS, and MBC, were detected at tomato harvest. Results of larger pools of both stable and labile fractions with CC than no-CC at tomato harvest might be a reflection of the cumulative effects of CCing on soil build up and storage of C and N in our experiment. Therefore, June and/or September in a crop growing season is a reasonable time for soil sampling to evaluate soil C and N dynamics and overall soil quality. Furthermore, compared with the no-CC, CCs positively impacted the tomato primary productivity \[[@pone.0235665.ref033],[@pone.0235665.ref036]\], further confirming the positive influences of CC on soil functionality and quality.

Compared to other CC treatments, lowest values of WAS, MBC, MBN, Solvita CO~2~-burst, and Cmin~2d~ were observed with no-CC ([S3](#pone.0235665.s003){ref-type="supplementary-material"} and [S4](#pone.0235665.s004){ref-type="supplementary-material"} Tables). A review by Blanco-Canqui et al. \[[@pone.0235665.ref011]\] reported greater percentage of water stable aggregates with CC than without. Soil aggregation is known to be impacted by the CC and crop residue retention due to an increased production of organic binding agents resulting in stabilization of aggregates \[[@pone.0235665.ref011],[@pone.0235665.ref070]\]. Plant roots result in the formation of stable aggregates via the mechanisms of (a) increased production of polysaccharides, (b) trapping of soil particles between the root hairs, and (c) increased concentration of chemicals responsible for stabilizing micro and macroaggregates \[[@pone.0235665.ref071]--[@pone.0235665.ref073]\]. Similarly, several studies have reported the increases in MBC, MBN, and soil respiration (evolved CO~2~) with CCs \[[@pone.0235665.ref074]--[@pone.0235665.ref077]\].

In only one of two site-years, -R lowered Cmin~2d~, Solvita CO~2~-burst, total inorganic N, and WEOC, which could be attributed to a reduction in microbial activity and C inputs with the crop residue removal \[[@pone.0235665.ref002]\]. Likewise, WAS was consistently lowest from -R plots in both site-years, which concurs with other research \[[@pone.0235665.ref005],[@pone.0235665.ref013],[@pone.0235665.ref070]\]. Inclusion of CC in cropping systems has shown to offset the negative effects of residue removal on soil C and N \[[@pone.0235665.ref078]\]; however, the extent to which CC mitigate the residue removal effects were highly dependent on CC biomass produced, duration of study, soil texture, initial OC concentration, and climatic conditions \[[@pone.0235665.ref002]\]. In contrast to removal, crop residue (winter wheat) retention (high C:N (80)) likely result in N immobilization, reduced crop N uptake, and decrease crop yield. But, the lack of any negative impacts of crop residue management on crop yield and C and N dynamics in our study might be attributed to inherently rich and fertile soil at our experimental sites.

Due to less differences observed in the CC parameters (quantity and quality of aboveground CC biomass) in our study, another mechanism (other than inputs) might be influencing the soil C and N pools and processes. Dignac et al. \[[@pone.0235665.ref079]\] also indicated the possibility of another abiotic OC stabilization mechanisms such as protection of OC within the minerals, adsorption and interaction of OC with the minerals, and physical protection of OC within the aggregates. Physical mechanisms of soil OC protect the degradation of OC by the microbes and help in the stabilization of soil OC in the long-term \[[@pone.0235665.ref080]\]. It is not clear if the observed increases in C and N attributes with CC and crop residue retention were due to minimizing C and N losses, protecting soil OC in micro-aggregates, preventing decomposition of organic matter, and/or influencing rhizodepositions and microbial community structures. Moreover, belowground biomass is another major contributor to soil OC concentrations, which was not measured in our study. Thus, future research elucidating the mechanism of CC (above- and below- ground biomass and root exudates) and crop residue effects on soil C and N cycling and storage is needed.

Additionally, the effects of land management practices on the mechanisms of soil C and N is not fully understood. Several meta-analyses and long-term studies have shown that the intensity of the mechanisms and processes affecting the dynamics and stabilization of soil C and N changes with time, land use, and climatic conditions \[[@pone.0235665.ref016],[@pone.0235665.ref079]--[@pone.0235665.ref082]\]. Moreover, the processes governing the cycling of soil C and N are affected by the interactions with other nutrients present in the soil organic matter such as phosphorus, sulphur etc. \[[@pone.0235665.ref079]\]. Therefore, the aforementioned factors (temporal and environmental) should be considered while studying the processes and mechanisms influencing the soil C and N stabilization.

Conclusions {#sec011}
===========

Soil C and N fractions reflected both short- and medium-term dynamics in our study. Temporal variations in soil parameters were attributed to the short-term impact of CCs and crop residues on labile fractions of soil C and N (MBC, MBN, SLAN, Solvita CO~2~-burst, WEOC, WEON, total inorganic N, and Cmin~2d~). The cumulative medium-term CC effect was greater concentrations of OC and total N (stable pools) with CC than without CC. Our observed differences (within and between site-years) in soil C and N fractions with CC and crop residue treatments might not be exclusive to the quantity and quality of CC biomass produced in this study, suggesting the possibility of another mechanism influencing soil C and N dynamics. Thus, future research evaluating the mechanism governing the pathway of soil C and N losses and gains with CC and crop residue management is needed.

Overall, positive influence of CCs and crop residue retention on soil C and N storage compared to no-CC and crop residue removal treatments indicates the impact of soil C inputs on microbial processes with implications on soil quality. This study improves our understanding of CC and crop residue removal effects on stable and labile fractions of C and N and indicates the potential of CC to offset partially the potential negative impacts of crop residue removal on soil quality in the medium-term. Additionally, our results demonstrated the role of CCs in increasing OC and total N concentration after 6-yrs of CCing and highlighted the potential of CCs in sequestering soil C and N with implications on mitigating climate change. Future research focusing on CC effects after crop residue removal with diverse land management practices, soil types, and cropping systems would enhance our understanding of the C and N cycling.

Supporting information {#sec012}
======================

###### Impact of medium-term summer-planted cover crop (6-yrs) and crop residue management (retained (+R) or removed (-R) on soil moisture gravimetric content in site-years 2015 and 2016.

^a-c^ In each column, based on a protected LSD test, means followed by a different letter indicate statistical significant difference (*P*\<0.05). ^z^SE, standard error of mean.

(XLSX)

###### 

Click here for additional data file.

###### Impact of medium-term summer-planted cover crops (6-yrs) (CC) on CC residue quality parameters (C concentration and C: N) during spring 2015 and 2016.

^a-b^ For each parameter, based on a protected LSD test, means followed by a different letter indicate statistical significant difference (*P* \< 0.05). ^z^SE, standard error of mean.

(XLSX)

###### 

Click here for additional data file.

###### Impact of medium-term summer-planted cover crop (6-yrs) and crop residue retained (+R) or removed (-R) on soil labile and stable fractions of C and N from 0--15 cm depth in site-year 2015.

^a-d^ For each fraction and effect, based on a protected LSD test, means followed by a different letter indicate statistical significant difference (*P*\<0.05). Cmin~2d~, cumulative 2d soil C mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, organic C;, total N; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N. ^z^ SE, standard error of mean.

(XLSX)

###### 

Click here for additional data file.

###### Impact of medium-term summer-planted cover crop (6-yrs) and crop residue retained (+R) or removed (-R) on soil labile and stable fractions of C and N from 0--15 cm depth in site-year 2016.

^a-c^ For each fraction and effect, based on a protected LSD test, means followed by a different letter indicate statistical significant difference (*P*\<0.05). Cmin~2d~, cumulative 2d soil C mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, organic C; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N. ^z^ SE, standard error of mean.

(XLSX)

###### 

Click here for additional data file.

###### In a medium-term cover crop experiment, Spearman correlation coefficients between soil labile and stable fractions of C and N sampled from 0--15 cm depth in 2015.

\*Significant correlation at *P* \< 0.05. Cmin~2d~, cumulative 2d soil carbon mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, soil organic C; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N.

(XLSX)

###### 

Click here for additional data file.

###### In a medium-term cover crop experiment, Spearman correlation coefficients between soil labile and stable fractions of C and N sampled from 0--15 cm depth in 2016.

\*Significant correlation at *P* \< 0.05. Cmin~2d~, cumulative 2d soil carbon mineralization; MBC, microbial biomass C; MBN, microbial biomass N; SLAN, Solvita labile amino N; OC, soil organic C; WAS, wet aggregate stability; WEOC, water extractable organic C; WEON, water extractable organic N.

(XLSX)

###### 

Click here for additional data file.
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CC

:   cover crop

Cmin~2d~

:   cumulative 2d soil C mineralization

MBC

:   microbial biomass C

MBN

:   microbial biomass N

no-CC

:   no cover crop control

OSR

:   oilseed radish

OSR+Rye

:   mixture of oilseed radish and winter cereal rye

SLAN

:   Solvita labile amino N

OC

:   organic C

WAT

:   weeks after tillage

WAS

:   wet aggregate stability

WEOC

:   water extractable organic C

WEON

:   water extractable organic N

-R

:   crop residue removed

+R

:   crop residue retained.
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ABSTRACT
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Were CC and residues management in interaction or not? What does residue management means? If you mean "removal or not", just declare it. How many tomato growing seasons were studied?

L90: with regards to the stabile, this hypothesis contrast with the hypothesis 2 unless you studied a long term, too. And this is unclear.

MATERIALS AND METHODS

L94: quiet unclear, the reader mustn't be obliged to read the others, just recall those setups.

L95-98: I think this could be efficiently reported in a time-picture

L166: protected LSD is marginally ok for your setup. Since the data are balanced, you may have had few or no problems of difference estimation. For your further work, I suggest to use pdifferences of the LSmeans, eventually corrected by Tukey Kramer depending on the balancing of the setup.

RESULTS

L202: as an editor, I am not interested in the shape you give to the figure, but I suggest to ass year as a random factor or, if retaining this analysis, split the years in the figures, with one year in a side and the other in the other side. Treatments are within years, not its contrary. The results of the analysis you are providing are unclear. The reader wants to know the mean effect of the treatments across years. Lines recall a trend, but this is not the case.

L222: providing the p\<0.05 in bold helps in reading

L250: this pc must be transformed in order to be more readable. Please change colors, sizes, and when applicable y-axes. Do the same for fig. 4

DISCUSSION and CONCLUSIONS

L417-418: I suggest to remove this sentence

Journal Requirements:

When submitting your revision, we need you to address these additional requirements:

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf> and <http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. PLOS requires an ORCID iD for the corresponding author in Editorial Manager on papers submitted after December 6th, 2016. Please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field. This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager. Please see the following video for instructions on linking an ORCID iD to your Editorial Manager account: <https://www.youtube.com/watch?v=_xcclfuvtxQ>

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: No

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This manuscript reports the results of a study aimed at evaluating the short and long term effect on soil C and N indicators of cover crops and crop residues incorporation in the soil. The paper is clearly written and all the sections are appropriately developed. Table are well designed and clear. Unfortunately, the quality of the figure is not adequate at all: they are totally fuzzy, the resolution is too low and they are unintelligible.

According to my opinion the results about the so defined "short term" indicators are poorly discussed in the light of the interaction of the main experimental factors with the crop (tomato) and its growing phases, which may have influenced the responses. In this regards, I would suggest the Authors to analyse/plot the indicators results versus the crop phenological development stages (i.e. BBCH-scale) instead of time (weeks). This approach could help to understand the potential effect of crop growing and its effect, via rhizosphere equilibrium, on C and N short term soil indicators.

However, the main flak of the paper is that, in my opinion, it is not novel enough. The most of the considerations and the conclusions are already known and no new information is reported in the manuscript. For this reason I would not suggest to accept the paper for publication in Plos One.

Reviewer \#2: Review PONE-D-19-28936

Cover crop and crop residue removal effects on temporal dynamics of soil carbon and nitrogen in a temperate, humid climate

by Chahal & Van Eerd

Content

The paper describes the impact of 4 cover crops planted 6 years and the use of crop residues 3 times in a field experiment on soil quality indicators associated with the C and N cycles. The field trial was conducted twice, starting in 2007 and 2008. Apart from cumulative effects of cover crops and residue management on soil quality indicators across the live span of the field experiment, the time course in the growth season of tomatoes was measured my multiple sampling to assess short term effects of cover crops.

The authors found, that both, cover crops and crop residues increased soil organic carbon and total nitrogen. As expected, there were no seasonal changes of soil organic carbon and total nitrogen, but label carbon and nitrogen fractions, soil respiration and microbial biomass N and C were affected.

Although the findings are interesting, I have several concerns how the manuscript is presented and written.

General comments

1\. The language and writing style is very technical, using a lot of abbreviations. The way how the manuscript is written, it is more addressing a specialist readership, and to a less extent a general audience. In addition, the text is often not clear, for example, the abstract is not understandable without reading the full paper. What are time-years, double parenthesis are not easy to read, etc.

2\. The text contains some un-logic constructions with use of several terms not in a systematic manner.

Expl. 1: line 83-84: "The effect of soil functions and treatments on seasonal (or short-term) trends and microbial processes suggests the need for short-term assessments of soil C to avoid misinterpretation of treatment effects on the C dynamics." Soil functions do not effect seasonal trends and microbial processes. Soil functions, eg N cycling is the result of microbial processes and is affected by cover crops.

Expl. 2: line 427-429: "Overall, compared to no-CC and crop residue removal treatments, CCs and crop residue retention had greater concentrations of soil parameters temporally indicating the impact on soil C inputs and microbial processes have implications on soil quality". It may read "... the impact of soil C inputs on microbial processes with implications on soil quality".

3\. The hypothesis is not original. "We hypothesize that (i) short-term (seasonal) changes will be detected in the labile indicators of soil C and N across the tomato growing season, (ii) no seasonal variability will be detected in the stable indicators of soil C and N, and (iii) compared with the no cover crop control (no-CC) and crop residue removal (-R), CCs and crop residue retention (+R) treatments will have greater concentrations of labile and stable indicators of soil C and N". We expect that so-called stable indicators like soil organic carbon and total nitrogen in the soil does not change within season, but label fractions are affected. This is textbook knowledge. I suggest focusing on the question, if cover crops and crop residues can maintain soil organic carbon and total nitrogen, and if there are additive effects. Interactions of labile indicators within season should be discussed in view of their ecological and agronomic relevance, correlations are not so meaningful. To conclude that labile fractions are reflecting seasonal changes is trivial.

PS: Instead of labile and stable indicators, I would prefer to refer to indicators for more stable soil parameters, and indicators for more labile soil quality parameters. At least define what are stable and labile indicators.

4\. The claim that sampling 2 weaks after tillage and after harvest are optimum sampling time points needs further statistical analyses, using multivariate statistics.

In all, I cannot recommend the manuscript for publication in PLOS ONE as it stands.

Detailed comments

L 61: Microbial activity is not a soil process

L107: The field trial should be described briefly

L117: Were biomass N concentrations also determined?

L120: What is a site-year?

L121: Was tillage connected to the incorporation of the cover crops?

L168: What is a mean maximum value?

L173: Growing conditions: were tomato plants irrigated? Should it read growth season?

L258ff: You may only refer to differences, which are significant

L298-L315: Extremely long text just to describe correlations. I suggest to include a table in the supplement, and to show most important findings as graph in the main part.

L322: Difference in CC biomass and eventually C and N content. Probably? Reasoning?

L334: N inputs were 78 to 97 kg ha-1. This is N taken up from soil, no new N inputs

L345: Is the method to measure respiration precise enough to discern between cover crops? Did you once apply a standard method for comparison?

L 359ff: To justify that sampling 2 weeks after tillage and after harvest is recommendable to discern short- and medium-term effects of cover crops, you may apply multivariate statistics.

L378: What do you mean by: "Peak period of tomato growth initiates in June and greater

indicator concentration during June might have increased the nutrient availability to tomato roots and hence increased crop yield». What is the meaning of this sentence? You did not present yields, and these relations are extremely speculative.

L387: You did not find a increase of respiration by cover crops.

L407: Root exudates of CC may also be mentioned to positively affect stable and labile soil quality indicators.

L420: TN is not a short-term indicator

L427-L429: Far from clear

L433ff: These conclusions are not based on your results, but rather general.

Tab2 and 3: I suggest to put these tables in the annex

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0235665.r002
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Thank you for your comments and suggestions. We have responded and addressed all the reviewer and editor comments in the manuscript. We have attached the \"response to reviewers\" file along with revised manuscript submission.
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10.1371/journal.pone.0235665.r003

Decision Letter 1

Saia

Sergio

Academic Editor

© 2020 Sergio Saia

2020

Sergio Saia

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

11 May 2020

PONE-D-19-28936R1

Cover crop and crop residue removal effects on temporal dynamics of soil carbon and nitrogen in a temperate, humid climate

PLOS ONE

Dear Dr. Van Eerd,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please see the the \"Additional Editor Comments\" section for further indications.

We would appreciate receiving your revised manuscript by Jun 25 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Sergio Saia, Ph.D.

Academic Editor

PLOS ONE

Journal Requirements:

see below

Additional Editor Comments:

Dear authors,

I think that you answered the suggestions by the reviewers and your manuscript definitely improved.

I passed over the reviewers opinion on the novelty because of the Plos1 policy, which \<\<evaluate submitted manuscripts on the basis of methodological rigor and high ethical standards, regardless of perceived novelty\>\> \[***<https://journals.plos.org/plosone/s/journal-information#loc-scope>***\].

I uploaded you a tracked change version with few comments to address before the manuscript can be judged acceptable.

In addition, I must point that \<\< PLOS journals require authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception.\>\> \[***<https://journals.plos.org/plosone/s/submission-guidelines#loc-materials-and-methods>*** , section "*Data*" and also ***<https://journals.plos.org/plosone/s/data-availability>***\]. Please take a look at these links.

I think your data should not represent a large data set and CSV or excel files could be suitable to upload it in the supplementary material (as also indicated in the link above)unless you uploaded it in other repositories or have some legal limitation to upload it.

In order to upload data, feel free to take as an example the dataset I uploaded in recent work of mine in the supplementary material of Saia et al. Mycorrhiza 2020, DOI: 10.1007/s00572-019-00927-w.

Please take into account that this is not an invitation to cite my article, which has nothing to do with your manuscript, and is only limited to show you the data needed to upload. In particular, the information on the variability of the data (separately per year and treatment) you presented in the manuscript if fundamental to both meet the plos1 policy and allow the inclusion of the data in further analyses (e.g. meta-analyses).

Regards

Sergio Saia

\[Note: HTML markup is below. Please do not edit.\]

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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All editor/reviewer commends responded to in Response file attached.
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Cover crop and crop residue removal effects on temporal dynamics of soil carbon and nitrogen in a temperate, humid climate

PONE-D-19-28936R2

Dear Dr. Van Eerd,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Sergio Saia, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):
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Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

29 Jun 2020

PONE-D-19-28936R2

Cover crop and crop residue removal effects on temporal dynamics of soil carbon and nitrogen in a temperate, humid climate

Dear Dr. Van Eerd:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Sergio Saia

Academic Editor

PLOS ONE
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